III and IV in the WFNS scale in their population of 765 patients. Hirai and colleagues 8 noted a significant difference in outcome only between Grades I and II on the WFNS scale in their population of 304 patients. Thus, these grading scales do not fulfill all the essential conditions for an ideal SAH grading scale.
Recently, Oshiro and associates 21 proposed a new SAH grading system based on the GCS, which compresses the 15-point GCS into five grades that are comparable to the Hunt and Hess scale and the WFNS scale. However, there are 4094 different combinations that can be used to compress the 13 scores of GCS into two to 12 grades ( 12 C 1 + 12 C 2 + 12 C 3 + 12 C 4 + 12 C 5 + 12 C 6 + 12 C 7 + 12 C 8 + 12 C 9 + 12 C 10 + 12 C 11 = 4094). Even when we limit the combinations to only five grades, there are still 495 ( 12 C 4 = 495) different possible combinations. As Jagger, et al., 11 have pointed out, alternative combinations of neurological signs could yield even higher associations with measures of outcome. All these possible combinations, however, have so far not been challenged by statistical analysis with respect to outcome.
We present a simple and systematic method to determine an SAH grading scale based on the patient's preoperative GCS score and verify its validity by using a large population of patients with aneurysmal SAH.
Clinical Material and Methods

Method: Combinatorial Approach With the Guide of Break Points
There are 4094 different combinations that can be used to compress the 13 scores of the GCS into two to 12 grades. Break points, the positions in the scale in which two adjacent scores connote a significantly different outcome (including incidence of mortality), are obtained by direct comparison of the GCS and the Glasgow Outcome Scale (GOS). 12 Guided by break points, the number of combinations to be considered can be limited. All possible combinations are statistically analyzed with respect to intergrade differences in outcome. Single combinations, with the maximum number of grades having the maximum intergrade outcome differences for each corresponding set of adjacent grades, must be selected.
The case distribution of SAH in the acute phase according to the preoperative GCS is extremely biased. 5, 8, 25 Most preoperative GCS scores identify only a small number of cases, and no significantly different outcome between the adjacent scores is observed. Therefore, such scores should be combined with neighboring scores into one grade in the SAH grading scale, based on the preoperative GCS score (combinatorial approach).
A direct comparison of the preoperative GCS score and the GOS score demonstrated some break points, even in relatively small-or medium-sized populations. 5, 8 When there are such break points in a relatively large population, based on which an SAH grading scale is to be developed, these scores should not fall into the same grades (the guide of break points).
Applying this combinatorial approach with the guide of break points to our large population of SAH, we could limit the number of combinations and all possible grading scales based on the preoperative GCS could be statistically analyzed. We also tested the validity of the WFNS grading scale in this relatively large population.
Patients: Clinical Application
We retrospectively analyzed 1398 consecutive patients with ruptured aneurysms that were treated during the acute phase from January 1981 to December 1994. All of these patients underwent aneurysm surgery within 7 days (onset day Day 0) of the last hemorrhagic episode.
The following data items for each patient with aneurysmal SAH treated at three independent neurosurgical institutions in Japan were collected and statistically analyzed: 1) age; 2) sex; 3) date of last hemorrhagic episode; 4) interval between occurrence of the last hemorrhagic episode and surgery; 5) preoperative GCS score; 6) preoperative WFNS grade; 7) arterial territory of the ruptured aneurysm; and 8) numerical GOS score 6 months post-SAH (1 = death to 5 = good recovery).
Subsidiary information regarding the GCS score on admission in the acute phase (within 7 days post-SAH) and the GOS score 6 months post-SAH was also obtained from one of three institutions (Teikyo University, to which the first author belongs) because the surgical indication in the acute phase is mostly decided at the time of admission. Cases were not always confirmed to be ruptured aneurysm by angiography or autopsy, but the patients' clinical course and the computerized tomography scans strongly suggested the diagnosis of aneurysmal SAH.
The combinatorial approach with the guide of break points limited the number of combinations to be considered to only 16, as listed in Table 1 . All these combinations for SAH grading were statistically analyzed for significant intergrade differences in the GOS. The 14 years of this study period were divided into three periods: early (1981) (1982) (1983) (1984) (1985) ; middle (1986) (1987) (1988) (1989) (1990) ; and late (1991) (1992) (1993) (1994) .
Statistical Analysis
For statistical analysis of outcome, one-way analysis of variance was used, followed by the unpaired Student ttest with the Bonferroni principle as a post-hoc analysis, to determine significant intergrade differences. The differences in distribution of aneurysm sites between males and females were tested using chi-square analysis. The statistically significant level was set at a probability value of less than 0.05. All statistical analyses were performed using a software package for a personal computer.
31
Results
The study population included 575 males and 823 females. The mean ages of the patients and the distribution of cerebral aneurysms are shown in Table 2 . As reported by Kongable, et al., 13 the incidence of aneurysms located in the internal carotid artery system was significantly higher in female than in male patients, whereas the incidence of aneurysms located in anterior cerebral artery system was the converse.
The differences in patient age, GOS score, and WFNS grade over the three periods are shown in Table 3 . The distribution change of GCS scores is shown in Fig. 1 . Patient outcome during this study period depended on the patient's WFNS grade. Although the overall outcome did not change statistically, stratification of data showed that only outcomes of patients with Grade V slightly improved. However, the distribution of GCS scores in Grade V was changed; the number of cases with a GCS score of 6 increased and the number of cases with a GCS score of 3 decreased in the late period ( Table 3 ). The interval between the occurrence of the last hemorrhagic episode and aneurysm surgery became progressively shorter over the study period (Fig. 2) .
The case distribution of GOS scores for each preoperative GCS score is shown in Table 4 and that for GCS scores assigned at hospital admission is shown in Table 5 .
The mean GOS score (Ϯ standard error of the mean [SEM]) for each preoperative GCS score is shown in the form of a histogram in Fig. 3 . It shows that there is a somewhat stepwise relationship between the patient's GOS score and preoperative GCS score. Table 4 shows that outcome significantly differs depending on the GCS score (p Ͻ 0.000001, analysis of variance), but post-hoc analysis shows that only a GCS score of 15 indicated a better outcome, with a highly significant level (p Ͻ 0.000001), than does the adjacent GCS score of 14. We must therefore introduce a break point between a GCS score of 14 and 15. Tables 4 and 5 show the remarkable difference in mortality rates among cases with GCS scores of 3 and 4. A break point should therefore be introduced between GCS Scores 3 and 4. Although post-hoc analysis shows that the outcome difference between GCS Score 7 and 8 did not reach a statistically significant level, the lowest probability value (p = 0.012292) after that between GCS scores of 14 and 15 justifies the introduction of a break point here. Thus, we have three break points: between GCS Scores 3 and 4, 7 and 8, and 14 and 15. Figure 4 shows the relationship between the WFNS grade and the mean GOS score at 6 months. Although there was good correlation between the two scales, there were no statistically significant differences in outcome between WFNS Grades II and III or between Grades III and IV. Table 1 reveals that there are only four possible combinations that would allow significant differences in outcome to be observed between every adjacent pair of grades. There are no combinations that would allow compression of the 13 GCS scores into six or seven grades so as to keep the mean GOS scores for each grade significantly different from those of adjacent grades.
The idea of the maximum intergrade outcome differences for each corresponding set of adjacent grades made * The mean age of female patients is significantly higher than that of male patients. Abbreviations: ACA = anterior cerebral artery territory; ICA = internal carotid artery territory; MCA = middle cerebral artery territory; NS = no statistically significant difference; VBA = vertebrobasilar artery territory. * Data are expressed as the mean Ϯ SEM. The mean patient age during the late period is significantly higher than that during the early period. This is because of the increase in the mean age of female patients. The mean GCS score during the late period is better than that during the middle period. This is partly due to the relative increase in the number of cases with GCS Score 15. The mean GOS score did not change except for patients with WFNS Grade V. The case distribution in WFNS Grade V explains why the GOS score improved during the late period in this grade. Patients with a GCS score of 3 or 4 generally did not undergo surgery.
it possible to select only one SAH grading scale based on the preoperative GCS score among the three five-grade scales. Thus, from Fig. 5 , it is evident that the following combinations were the most acceptable; I (GCS Score 15); II (GCS Scores 11-14); III (GCS Scores 8-10); IV (GCS Scores 4-7); and V (GCS Score 3). Moreover, Table  4 shows the relatively low probability value between outcomes of patients with GCS Scores 10 and 11, and Fig. 3 depicts the relatively similar outcomes among patients with GCS scores of 11 to 13. These suggest that GCS scores of 10 and 11 should fall into different grades. Thus, only one combination is acceptable in practice for the SAH grading scale, as follows: 3; 4-7; 8-10; 11-14; and 15. We select this as the SAH grading scale closest to an ideal one. Because this scale is based solely on the GCS, we call this a GCS-based grading system ( The WFNS grading scale and the GCS-based grading system were simultaneously applied to the cases from the three different institutions (Table 6 ). Despite the relatively small populations, the GCS-based grading system functioned well in intergrade outcome differences. Figure 7 illustrates the relationship between the GCS-based grading system applied to the GCS score at hospital admission during the acute phase of SAH and the GOS score obtained 6 months post-SAH. Although the GCS-based grade is based on the preoperative GCS score, this scale can well predict outcome from the condition of the patient at the time of admission.
Discussion
In the Introduction, we listed the conditions that an ideal SAH grading scale must satisfy. To date, many SAH grading scales have been proposed. 4, [8] [9] [10] [11] 19, 21, 22, 27, 28 All these scales can be applied during the acute phase. It is quite natural that patients in good preoperative condition would be expected to have a good outcome and those in poor preoperative condition would be expected to have a poor outcome. All these grading scales show a good correlation with outcome, whether they have been investigated statistically or not. Thus, all grading scales can fulfill Conditions 1 and 3.
Although no grading system is completely free from observer variability, SAH grading scales based on GCS scores fulfill Condition 2 to the highest degree. 21 We must emphasize the importance of intergrade outcome differences because use of grading scales without significant intergrade outcome differences may lead to wrong conclusions in clinical SAH studies.
Previous statistical analyses revealed that both universally used grading scales did not show significant intergrade differences of outcome between every adjacent pair of grades. 5, 8 The present study confirmed these results in part (Fig. 4) . The absence of intergrade outcome differences highlights the possibility of two types of errors. The first is that some subgroups with clearly different outcomes could be assigned to the same grades (a coexisting error); the other is that some subgroups with nearly the same outcome could be assigned to different grades (an over-splitting error).
Grade IV of the WFNS scale covers a wide range of GCS scores, from 7 to 12. Let us imagine an extreme situation. A clinical trial was conducted in which WFNS Grade IV only contained patients with GCS Scores 7 and 12. If only patients with GCS Score 7 were assigned to a placebo group and only those with GCS Score 12 were assigned to the treatment group, one would conclude that the treatment markedly improved outcome, as indicated in Fig. 3 , which shows that outcome of patients with GCS Score 12 is far better than that of patients with GCS Score 7, even if the treatment modality used has substantially no effect on the outcome of SAH. Conversely, one could conclude that the treatment worsened the outcome. These kinds of misdirected conclusions derive from coexisting errors. Over-splitting errors, which are noted in the Hunt and Hess grading system, 9 in which the authors separate GCS Score 15 into Grades I and II depending on the presence or absence of headache, may weaken the power of the clinical study to detect the effectiveness of treatment modalities in relatively small populations, because the number of cases assigned to each category decreases.
To avoid such serious errors, it is recommended that case assignment be based not on the currently proposed SAH grading scale but on the GCS score itself. The GCSbased grading system obtained in this study is free from these types of errors at least when we apply it to the population used in this study. † Poor = GOS Scores 1-3; fair = GOS Scores 4 and 5. ‡ Probability values are obtained by comparing the GOS score of a given GCS score with that of the GOS score of the GCS score just above it (t-test). According to Bonferroni's principle, a probability value less than 0.004167 is the significant level. Abbreviation: -= not applicable. Ideally, this kind of study should be conducted using cases collected over a relatively short period, during which the therapeutic strategies remain unchanged. Because clinical application in this study included cases collected over a long time period (14 years), we must confirm the stability of outcome. Despite the changes in several parameters over the study period (Table 3 , Figs. 1 and 2) and the inevitable introduction of newly developed therapeutic modalities, overall outcome and chances of good recovery have remained the same. This consistent patient outcome when using current treatment modalities for SAH is not unique to our population. Torner phase of hemorrhage has reached a plateau phase since 1981 and that we could reliably use our cooperative data as a population for the development of a SAH grading scale.
The combinatorial approach with the guide of break points yields in practice only one acceptable SAH grading scale out of 4094 possible combinations, which we call the GCS-based grade: I (GCS Score 15); II (GCS Scores 11-14); III (GCS Scores 8-10); IV (GCS Score 4-7); and V (GCS Score 3). Because of the long history and wide acceptance of the GCS, an SAH grading scale based on the GCS will not cause any serious communication problem. This grading scale functions well even in a relatively small population (Table 6) . Although this scale is based on preoperative GCS scores, it also functions well when used at admission (Fig.  7) . Figure 2 demonstrates that most of the patients underwent surgery on Day 0 or Day 1, which means that the majority underwent surgery on the day of admission. When a patient with aneurysmal SAH underwent surgery, the GCS score on admission was usually used as the preoperative GCS score unless drastic changes such as preoperative rebleeding occurred. This is the reason why the SAH grading scale based on the preoperative GCS score functioned well when applied to GCS scores on admission. This is important because the patient's level of consciousness at admission during the acute phase cannot be modified or altered by any treatment. The separation of GCS Score 3 in the acute admission state bears a special significance with respect to the outcome.
It should be borne in mind that other break points may be possible in a much larger population. From this point of view, we must consider the difference in outcome between GCS Scores 13 and 14, because of the low probability value (Table 4) . We tested all possible combinations with the break point between GCS Scores 13 and 14 (results not shown). The present study, in which every adjacent pair of grades shows a significant difference in outcome, on a relatively large population (1398 patients), does not yield a FIG. 7 . Bar graph showing the relationship between the GCSbased grading system applied to GCS scores at admission during the acute phase and GOS. The GOS scores are represented numerically (see legend to Fig. 3 for abbreviations) . The GCS scores were evaluated at admission during the acute phase of SAH (within 7 days of onset) and GOS scores were evaluated 6 months post-SAH. The outcome of each grade differs from that of adjacent grades with a high statistical significance. Data are expressed as the mean Ϯ SEM. * Data are expresed as the mean Ϯ standard deviation. Probability values were obtained by comparing the mean GOS score of a given grade with that of the GOS score just above it (unpaired Student's t test). Despite the small population sizes, GCS-based grading predicts the outcome in the entire institution well. Abbreviation: -= not applicable.
† Some grades of the WFNS scale show reversed rank orders of the mean GOS scores.
grading scale with a break point between GCS Scores 13 and 14.
In conclusion, the combinatorial approach with the guide of break points presented here is so simple and systematic that it can be used again in the future when a revision of grading scale becomes necessary after new and effective treatment modalities become standardized and overall patient outcome improves.
